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Due to their ultra lightweight and high packaging efficiency, membrane reflectors are
getting more and more attentions for mission architectures that need extremely large in-
space deployable antennas. However how to maintain the surface shape of a membrane
reflector to the instrument precision requirements is a very challenging problem. This
experimental study investigated using PVDF membrane piezoelectric material as actuators
to control the surface figures of membrane reflectors. The feasibility of this approach is
demonstrated by several sets of test results.

1. Introduction

UPPORTED by NASA ESTO ACT program, a technology project has been performed to develop a high

precision adaptive control architecture for correcting the surface distortions in large membrane antenna
reflectors. This technology is developed for future spaceborne earth science remote sensing missions [1, 2]. For high
RF frequency applications such Ka-band and w-band, high-precision surface control is necessary for in-space
deployable reflectors. Adaptive reflector surface control methods include using temperature gradients [3], boundary
control [4, 5], cable control [8-9] and etc.
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Figure 1. The architecture of a high-precision adaptive control system

As shown in Fig. 1, the architecture of the surface control system discussed by this paper consists of a set of
flexible actuators (mounted on the back of a reflector), wavefront sensing metrology subsystem, and active
(feedback) controller. Guided by shape control laws, the controller periodically updates voltage signals to control the
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actuator strain at various antenna positions, thus maintaining desired shape contour. The reflectors employed by this
study are membrane reflectors. These reflectors include membrane shell reflectors [4] and inflatable reflectors [10].
The control approach discussed by this paper is also applicable thin composite shell reflectors.

To support the development of this adaptive control architecture, several experimental studies have been
conducted. These experimental studies include actuator tests, a 0.6-m diameter membrane reflector study and a 2.4-
m diameter membrane reflector study. The feasibility of this architecture has been demonstrated not only
analytically, but also experimentally by these studies.

II. Actuator Testing

To accommodate the packaging and deployment of membrane reflectors, the PVDF (Polyvinylidene fluoride)
piezoelectric material is used by this study for the actuators. PVDF is a membrane material that can be rolled up or
fold up together with the membrane reflector. Geospace Research Inc. fabricated all single actuators. A single
actuator is a piece of PVDF membrane with metallic electrodes on both sides. To increase the actuator force, we
tried to combine two actuators together to form a double actuator.

Before assemble the actuators to the membrane reflectors, we conducted actuator tests to investigate the actuator
functionality. For these tests, the actuators were adhered onto a 2 mil (0.051 mm) thick Kapton film. Both single
and double actuators were tested using the test set up shown in Fig. 2. The test setup consists of a measuring ruler,
supporting structure, voltmeter, and power supply. The power supply was connected to the actuator via flexible
circuit to provide the required high voltage.
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Figure 2. Actuator test setup

For both single and double actuator tests, different voltages ranging from 0 to -2kV/+2kV were applied to the
actuators tested. As increasing negative voltage is applied, the actuator will deflect towards the right. Vice versa, if
a positive voltage is applied, the actuator will deflect towards the left. Fig. 3 consists of the data of the voltage-
displacement curve for a single actuator and Figure 4 is that for a double actuator.
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Figure 3. Voltage-displacement curve for a single actuator
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Figure 4. Voltage-displacement curve for a double actuator

It can be seen from Figs. 3 and 4 that function between the voltage and displacement is practically liner. It also
can be seen from Fig. 4 that the performance of an actuator is fairly repeatable.

III. 0.6-m Diameter Engineering Models

As a stepping stone for the fabrication and testing of a 2.4-m diameter reflector, actuators have been attached to
several 0.6-m diameter membrane reflectors. The 0.6-m membrane reflectors were fabricated by Mevicon Inc.
Double actuators were used for these reflectors and deflection tests were performed in a clean room with a
controlled room temperature. A laser displacement sensor is mounted in front of the reflector. It is used to detect
the reflector’s displacements that are introduced by the actuators. The laser sensor is connected to the
multifunctional controller which output the displacement in mm. The DC power supply regulator connects to the
high voltage amplifier to provide power to the actuators and also output voltage readings to the Fluk 77III
Multimeter. The 0.6-m engineering model test setup is illustrated in Figure 5. In Fig. 5, 1 is the Kikusui — PAB DC
Power Supply Regulator; 2 is the Trek 623B High Voltage Amplifier; 3 is the Fluk 77II Multimeter; 4 is the
Keyence LK-GD500 Multifunctional Controller; and 5 is the Keyence LK-G152 Laser Displacement Sensor.
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Figure 5. Displacement test setup for a 0.6-m diameter membrane reflector

Besides the laser head measurement, a photogrammetry system was also used to acquire deflections at a number of
retro-reflective targets adhered on the back of the reflector. The results on a measurement are presented in Fig. 6.

0 Voks

x {mm) y{mm) z {mm)
BATIT 04388 | 222073
151.608 | 110.8716 | 202 7451

2156864 | 131.1548 | 184325

1200 Volis

x {(mm) y {mm) z{mm)
84444 96.156 | 220910
151583 | 112.424 | 201.747
215997 | 131568 | 183.412

Displacement
{mm)
R1 2142
R2 1.846
R3 1.049

Figure 6. Deformation test results of a 0.6-m reflector

It is concluded from these tests that the approach of assembling the PVDF actuators to membrane reflectors is
practical and the deformations introduced by actuators are significant. These results gave us the confidence to work
on the 2.4-m diameter engineering model.

IV. 2.4-m Diameter Engineering Model

Fig. 7 illustrates the 2.4 meter engineering model. It is composed of an inflatable membrane reflector, 84 double
actuators, 84 single actuators, flexible circuits, and photogrammetry targets. The 2.4-m diameter inflatable
membrane reflector was fabricated by NeXolve Corporation. All single actuators are on the left side and all double
actuators are on the right side. The laser measurement was set to measure a point at the center of the inflatable
reflector and a V-star photogrammetry system was used to measure all the reflective targets.
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Figure 7. The 2.4 meter engineering model.

Fig. 8 is the close-up view of the engineering model. Flexible circuits are used to bring the voltages to the
actuators. Each flexible circuit has 12 traces that can apply voltages to six actuators. Jumpers are used between the
actuators and the flexible circuits.

Photogrammetry target Flexible circuit

Figure 8. Close up view of the engineering model

Fig. 9 shows the deformation of the reflector while 1000 V was applied to all single actuators as well as the
deformation of the center of the reflector as the function of the voltage. Fig. 10 shows the deformation of the
reflector while 1000 V was applied to all double actuators as well as the deformation of the center of the reflector as
the function of the voltage. Fig. 11 shows the deformation of the reflector while different voltages were applied to
all the actuators as well as the deformation of the center of the reflector as the function of the voltage.
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Figure 9. Deformations of the reflector surface and the reflector center
point while 1000 V was applied to all single actuators
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Figure 10. Deformations of the reflector surface and the reflector center
point while 1000 V was applied to all double actuators
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Figure 11. Deformation of the reflector surface and the reflector center
point while voltage is applied to all the actuators

It can be seen from Figs. 9 to 11 that the double actuators introduce more center point deformation than that of
single actuators while the same voltages were applied. At 1000 volts, the summation of center point deformations
introduced by all single actuators (Fig. 9) and all double actuators (Fig. 10) is almost identical to the same voltage
was applied to all the actuators (Fig. 11). While all the actuators were powered to 1000 volts, the center point
deforms 366 microns which is significant and sufficient for surface accuracy control with the newly developed low
CTE membrane material [11]. It is also observed from this figure that the center deformation and voltage is fairly a
linear relationship.

The Influence Coefficient Matrix method and the least squares control law are used for the controller because
Influence Coefficient Matrix allows online model identification. The Influence Coefficient Matrix method is based
on the principle of superposition: the influences must be linear in order to add them together. The Influence
Coefficient Matrix method has been tested and verified on the 2.4 m reflector with 168 PVDF actuators. This test
had following several steps: 1) 1000 V was applied to half the actuators, and photogrammetry was used to determine
the surface deflection; 2) then the surface deflection was measured while 1000 V was applied to the other half of the
actuators; 3) finally the surface deflection was measured while 1000 voltage was applied to all the actuators. If the
summation of the deflections from step 1 and step 3 equals to the deflection of step 3, the influence is linear and the
Influence Coefficient Matrix method is valid. Fig. 12 and Fig. 13 show the individually tested deflections, the
calculated combined deflection, and the measured deflection. Fig. 14 shows the difference between the summation
of step 1 and step 2 as well as measured deflection of step 3. It can be concluded from Figs. 12 to14 that the
influences are fairly linear and the Influence Coefficient Matrix method is thus verified.
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a) mm b)
Figure 12. Influence of 1000 voltage on: a) single actuators, and b) double actuators

a) mm b)
Figure 13. a) Summation of Fig. 10 a) and b), b) measured displacement at 1000 V

8
American Institute of Aeronautics and Astronautics



051 - -

0 [ -
0.5 - A=
) |
l l
| |
EINNEN . & = _JEe [
| | | |
1 1 1 1 1
-1 -0.5 0 0.5 1
0.4 0.2 0 0.2 0.4
mm

Figure 14. Difference between measured and calculated deflection

V. Conclusion

PVDF is a kind of membrane piezoelectric material that can be used to control the surface figures of in-space
deployable or inflatable membrane reflectors. After PVDF actuators are bounded to membrane reflectors, they can
be rolled up or fold up together the reflectors. In order to demonstrate the feasibility of using PVDF actuators,
several experimental studies have been conducted. The observations from these experimental studies are: 1) the
performance of a PVDF actuator is reasonably repeatable; 2) the deformations introduced by PVDF actuators are
significant and sufficient; 3) the influences from different groups of PVDF actuators are fairly linear and can be
superposed on each other, therefore the Influence Coefficient Matrix method and the least squares control law is
applicable. It can be concluded based on these observations that the membrane reflector high precision adaptive
control architecture discussed by this paper is feasible.
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